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An analytical expression is presented for calculating the effects of multipath on
group delay. The expression was experimentally verified by tests made at the
Telecommunications Development Laboratory using the Mariner Venus/Mercury
1973 Radio Frequency Subsystem, Block 3 receiver and the Mu 1 ranging

machine.

I. Introduction

With the exception of DSS 14, all stations of the Deep
Space Network use the conventional zero-delay ranging
configuration, in which the zero-delay device (ZDD) is
mounted on the dish surface. A zenith range measure-
ment via the airpath to a dish-mounted ZDD and a
Z-height correction (Ref. 1) provide needed ground sta-
tion information for determining the true range to the
spacecraft.

Results of airpath tests at DSS 14 showed that large
changes in range occurred as a function of antenna eleva-
tion angle when a ZDD was mounted on the 64-m
antenna dish surface (Ref. 2). This characteristic was also
observed on the 64-m antenna systems at DSS 43 and
DSS 63 (Ref. 3). Since the range dependence on elevation
angle could be due to a multipath phenomenon, one can-
not assume that a zenith measured value is the correct
value.
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Other airpath tests made on the 64-m antenna S§/X
system at DSS 14 showed that large-range changes also
occurred when small changes were made in axial focusing
of the hyperbola. Another unexplained airpath phenome-
non observed was a 53-ns discrepancy between the theo-
retical and experimental values of S-band zero delay
range when the dichroic plate/ellipsoid assembly was re-
tracted and the system was operated for S-band only
(Ref. 4). Because of the described airpath problems, the
ZDD configuration at DSS 14 has been operated in a
cable configuration (Ref. 5) since January 12, 1974.

Although it had been suspected that some of the air-
path problems could be due to multipath, other system
testing priorities made it difficult to perform further air-
path tests to isolate the source of the problems. It was
also thought that multipath could not generate errors of
the magnitudes which were observed. Recently, the study
of the multipath effect was reinitiated and resulted in the
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derivations of two theoretical expressions which showed
that surprisingly large errors on range measurements
could be caused by multipath. One expression derived
by J. R. Smith (Refs. 6, 7) is based on the phase shift
produced on the envelope of a carrier that is phase-
modulated with a square-wave. The analysis was done
for the range-clock modulation and detection processes
actually employed by the Planetary and Mu-Ranging sys-
tems. The second expression, which was derived inde-
pendently by this author, is based on the conventional
definition of group delay where the output phase of
a carrier wave is differentiated with respect to frequency.
It was shown by Smith (Ref. 7) that for low range-clock
modulation frequencies, the two independent derivations
reduced to the same mathematical expression.

This article presents the theoretical expression derived
by this author and the test data obtained at the Tele-
communications Development Laboratory (TDL), show-
ing good agreement between theory and experiment.

Il. Summary of Theoretical Expressions

Figure 1 shows the multipath configuration for which
the theory was derived. Path 1 is the primary path, and
path 2 is the leakage path. The group delay (in seconds)
for a signal to travel from the input port to the output
port can be expressed as

t,=t, +e¢ (1)

where £,, is the gi‘oup delay which would be observed in
the absence of multipath, and ¢, is the deviation from #,,
caused by multipath. As derived in the Appendix, this
error term is given by

A+ cosd
€g:A(t02—t01)[1+2ACOS€+A2:| &
where
0= —(8:s — Pk ®)
and where

A = ratio of the magnitude of the leakage wave to
the magnitude of the primary wave

Bi, B: = phase constants, respectively, of paths 1 and
2, rad/m

2, &, = physical path lengths, respectively, of paths 1
and 2, m

JPL DEEP SPACE NETWORK PROGRESS REPORT 42-24

t;; = group delay of the primary wave traveling
through path 1 only, s

t;» = group delay of the leakage wave traveling
through path 2 only, s

It is also shown in the Appendix that the carrier phase
delay in seconds is

tp =ty + € (4)

where

1 Asin 6
%= _:tanl[lJrAcos()] (5)
The differenced range versus integrated doppler (DRVID)
can be calculated from (See Ref. 8)

DRVID = ¢, — ¢, (6)
and relative carrier amplitude in dB from

E,
Ein

out

Eiﬂ

20 log,

= 201log l

+ 20log. |1 + Ael?|
O

Assuming that &, > ¢,;, and 6 = —2rm where m is a
positive integer, the group delay and amplitude errors
simultaneously reach their upper bounds while the phase
delay error given by Eq. (5) goes to zero. When
§ = —(2n — 1)r where n is a positive integer, the group
delay and amplitude errors simultaneously go to their
lower bounds while the phase delay error goes to zero.
However, in the case where t,, < t,, the group delay
error and carrier amplitude simultaneously reach opposite
bounds. The expressions for upper and lower bounds on
phase delay, group delay, and carrier amplitude are given
in the Appendix.

Figure 2 shows plots of the upper and lower bounds
of group delay in a free-space media for cases where
tg2 > to1. The upper bound is obtained when the leakage
and primary waves are in phase. The lower bound is
obtained when the signals are out of phase. If t,, <t,,,
the opposite polarity must be assigned to the Al and
error-bound values of Fig. 2. For this latter case, the
new upper bound will be reached when the signals are
out of phase rather than in phase. (See Case 2 in the
Appendix.) The signal level ripple shown on the plot is
the peak-to-peak carrier signal level change as observed
when 6 is varied 360 deg or less. The ripple was calcu-
lated from

Eou max 1+A
Aqg = 20 logw ﬁ =20 logm (T—_A> (8)
out | min

41



The curves shown on Fig. 2 may be useful for isolating
possible sources of leakage waves on the 64-m antenna.
Possible leakage can result from scattering of waves from
the quadripod legs, tricone, or the dichroic plate/ellipsoid
assembly support structures. Some of the differential path
lengths of leakage and primary waves on the 64-m
antenna can be of the order of 30 m.

lIl. Experimental Setup

Figure 3 shows a multipath device that was fabricated
for purposes of verifying the theoretical equations pre-
-sented above. Figure 4 is a block diagram of this device.
To obtain the desired differential delay between path 1
and path 2, appropriate length cables can be inserted into
cither path 1 or path 2, The amplitude and phase of the
signal in path 2 is adjusted with the variable attenuator
and phase shifter, respectively. Repeatable coaxial
switches were used to permit measurements of the ampli-
tude and group delay of the signals in the individual
paths.

The ranging tests were performed at the TDL in JPL
Building 161. The TDL tests were performed with a
516-kHz squarc wave phase-modulating the uplink sig-
nal of 2113 MHz that was transmitted to an MVM73
Radio Frequency Subsystem (RFS). After receiving the
range-coded uplink, the RFS then generated a coher-
ent 2295-MHz downlink signal that was transmitted to the
Block 3 receiver through coaxial cables. The multipath
device was inserted into this downlink path and therefore,
adjustments made on the multipath device resulted in
one-way range changes only. Measurements of absolute
two-way range as well as one-way range changes were
achieved with the Mu-1 ranging machine.

The initial TDL test parameters were as follows:

MVM’73 Radio Frequency Subsystem

Radio mode 022

Uplink signal level total power = —115 dBm
Block 3 Receiver

Mu-1 ranging machine

Carrier suppression = 9 dB

Integratidn time = 30 s

IV. Test Resuits

Table 1 shows a summary of the ranging test results
obtained with the multipath device. Appropriate length
cables were inserted into path 2 of the multipath device

42

to create differential path lengths of 23 ns (Case A) and
93.2 ns (Case B). For each case, the signal in path 2 was
adjusted to be approximately —21, —11, and —6 dB rela-
tive to the primary signal. More precise post-calibration
measurements showed the leakage and primary signals to
be at the relative dB levels indicated in the table. The
maximum and minimum received signal levels shown in
Table 1 are in reasonably good agreement with those
predicted by Eqs. (A-10a) and (A-10b). The tabulated
received signal levels as obtained from automatic gain

control (AGC) calibrations are estimated to be accurate
to +0.2 dB.

Theoretical range change values were calculated from
Eqs. (A-23a) and (A-23b). The agreement between theory
and experimental range change value was typically
within 1 ns. The large discrepancy of 14 ns for the last
case in Part B of Table 1 could possibly be due to an
error in setting the attenuator so that the relative signal
level was actually —6 dB instead of the relative level of
—55 dB on which the theoretical calculations were
based. It is also possible that the discrepancy was caused
by the fact that the theoretical value is valid only at a
single frequency. The measured value applies to a carrier
wave that is phase-modulated with a 516 kHz square
wave. Therefore, for severe multipath cases it might be
more appropriate to make comparisons with a theoretical
value that is averaged over an effective finite bandwidth.
For example, see Footnote b in Table 1.

V. Summary and Conclusions

Theoretical equations have been derived for studying
the effects of multipath (or leakage) on group delay
measurements. The theory was developed for group delay
but is applicable to analysis of envelope delay when dis-
tortion is small. In general, very good agreement was
obtained between theory and experiment.

The theory can be applied to ZDD test data to help
isolate possible sources of leakage waves on the 64-m
antenna. This type of analysis was done by J. R. Smith
(Refs. 6, 7) for the Mariner 10 spacecraft antenna system.
He showed a correlation of range change to amplitude
change and isolated one of the major causes as being a
multipath signal reflecting from a solar panel on the
Mariner 10 spacecraft.

In this article, only one-way range error was analyzed.
In a telecommunications system, the range change can be
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caused by a two-way effect (uplink and downlink). The  effects of multipath on two-way range has been obtained
two-way range error analysis is somewhat more involved ~ and will be reported in a subsequent issue of this
and too lengthy to include in this article. Test data on the  publication.
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Table 1. Results of one-way range tests with the multipath device (frequency = 2.295 GHz)

A. Measured delay via path 2 alone is 23.0 ns longer than path 1 alone

Phase App.rox. Range change, ns
shifter received
Test conditions . signal Average Th ical Measured
sefitlng, level, measured eorletlca minus
g dBm value? value theoretical
1. Attenuator adjusted to make leakage signal be
—21 dB relative to primary signal
Phase shifter adjusted to obtain maximum
received signal —224.9 —89.6 1.7 1.9 — 0.2
Phase shifter adjusted to obtain minimum
received signal — 459 —91.2 —~ 25 — 23 — 0.2
2. Attenuator adjusted to make leakage signal be
—10.8 dB relative to primary signal
Phase shifter adjusted to obtain maximum
received signal —224.9 —88.1 4.8 5.1 — 0.3
Phase shifter adjusted to obtain minimum
received signal — 459 —93.5 —10.1 - 9.3 — 0.8
3. Attenuator adjusted to make leakage signal be
—5.65 dB relative to primary signal
Phase shifter adjusted to obtain maximum
received signal —224.9 —86.7 7.3 7.9 - 0.6
Phase shifter adjusted to obtain minimum
received signal — 45.9 —97.0 —26.4 —25.1 — 1.3
B. Measured delay via path 2 alone is 93.2 ns longer than path 1 alone
1. Attenuator adjusted to make leakage signal be
—20.7 dB relative to primary signal
Phase shifter adjusted to obtain maximum
received signal —397.0 —89.5 7.6 7.8 - 02
Phase shifter adjusted to obtain minimum
received signal —218.0 —91.1 — 9.2 — 94 0.2
2. Attenuator adjusted to make leakage signal be
—10.7 dB relative to primary signal
Phase shifter adjusted to obtain maximum
received signal —397.0 —88.0 20.5 21.1 — 0.6
Phase shifter adjusted to obtain minimum
received signal —218.0 —93.3 —36.6 —38.7 2.1
3. Attenuator adjusted to make leakage signal be
5.5 dB relative to primary signal
Phase shifter adjusted to obtain maximum
received signal —397.0 —86.6 31.1 32.3 — 1.2
Phase shifter adjusted to obtain minimum
received signal —218.0 —97.0 —91.2 —105.2b 14.0

aNumber of 30-sec integration data points used to obtain average value was typically

with the average was typically == 0.2 ns.

20. The calculated standard error associated

bThe average theoretical range change over the frequency range of 2295.0 = 0.5 MHz is —96.4 ns.
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Fig. 3. Multipath device for experimental verification of theoretical derivations:
(a) completely assembled, (b) partially disassembled
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Appendix

Derivation of Equations for Phase and Group Delay Errors Caused by Multipath

Figure 1 shows the basic multipath configuration under
study where two waves combine after traveling through
two separate paths. This basic case can be generalized to
include more waves and more paths, but it is sufficient
to consider the basic case to show the effect of inter-
terence on group delay. Let the wave at the input port
be expressed as

Ei, = lEm!eXP (M’O) (A'l)
and the wave at the output port be the phasor sum of the

primary path wave E, and the secondary path wave E,
so that

Enw=E,+ E,
= |E.|exp (j¢) +|E.|exp (jg.)  (A-2)

Then from Eqgs. (A-1) and (A-2)

Izoiu: _ '}12‘31 exp j{bs — o) + Efn exp [j(¢2 — ¢0)]
(A-3)
Let
b — o = — Pul (A-4)
b2 — o = — el (A-5)
where

£, = physical length of path 1, m
1, = physical length of path 2, m
B, B: = phase constants, respectively, of paths 1 and
2, rad/m
Substitution of Eqs. (A-4) and (A-5) into Eq. (A-3) gives

Eout — El
Ein N ._E:

exp [“7(5222 - :3121)]]
(A-6)

exp (—jB.ly) [1 + ‘E

The ratio |E,/E,| is a parameter that is generally of
interest so that it is convenient to let

E,

A:E—1

(A-T)

Furthermore, let

0= — (B — BLy) (A-8)

and
F=1+Ael® (A-9)

so that substitution into Eq. (A-6) gives the output signal
magnitude ratio of

E;: = ‘EE— [1+ Aei| (A-10)
and relative phase of
Equ
arg( Em> =~ + argF (A-11)
where
arg ' = tan™ [%] (A-12)

From substitution of Eq. (A-11) into the definition of
phase delay (Refs. 9, 10) given as

- l Enul
t, = ——[arg < 7 ):l (A-13)
we obtain
t, =t + € (A-14)
where
121
tpr = 'Bm (A-15)
1 Asin 6
€ =~ tan |:l + A cos 9:| (A-16)

From setting the differential of €, with respect to L,
equal to zero, one finds that €, becomes maximum when
§ = +cos™ (—A) so that the upper and lower bounds of
phase delay error are

LAY S
(e,,)U—Jr;tan (\/1—A2>
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(&), = (A-18)

LA
- Vi &

The worst possible case occurs when A—> 1 and the error
bounds become ==1/(4f). For example, at 2.0 GHz the
worst-case phase delay error that can be caused by multi-
path is ==0.125 ns.

The definition of group delay (Refs. 9, 10) is

d Eout
t, = —Eu—[ arg E. >:|

From substitution of Eq. (A-11) into Eq. (A-19), we
obtain

(A-19)

ty =ty + € (A-20)
where
dag,
tn = d_[i 2 (A-21)
g =——argF (A-22)

where arg F was given by Eq. (A-12). Note that t,,.is the
group delay that would be obtained in the absence of
multipath and ¢, is the group delay error or deviation
from t,..

Performing the operation of Eq. (A-22) and assuming
that over the frequency interval of interest

A

a(}) _O

we obtain

A+ cosé
& = Alt — 1) <1 + 2A cos 6 + A2> (4-23)

d
tye = (—%—) I3
dp,
= ()1
Note that ¢,, is the delay through path 1 only in the ab-

sence of the multipath signal, while ¢,, is the delay
through path 2 only.

where

Performing a differentiation® of Eq. (A-23) with respect
to 1, and setting the results equal to zero leads to the
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solutions of the values of § which give upper and lower
bounds of €, for two different cases. These are given as
follows.

Case 1 Upper Bound

Assume t,, > t,;, and § = —2»m where 6 was given by
Eq. (A-8) and m is a positive integer. In practice, m will
usually be an integer greater than 10.

For these conditions, the leakage and primary waves
are in phase and the group delay as given by Eq. (A-23)
reaches an upper bound of

(€ = (6= 1) (15 5)

At the same time, note from Eqs. (A-10) and (A-16) that
the output signal magnitude ratio and phase delay error
become

(A-23a)

E

1

Ein

(1 + A) (A-102)

Eout
Ein

=0 (A-16a)
It is interesting to note that both the group delay and
magnitude of the output signal reach an upper bound
simultaneously while the phase delay error goes to zero.

Case 1 Lower Bound
Assume t,, >t,, and 8 = —(2n — 1)= where 6 is de-

fined by Eq. (A-8) and n is a positive integer. In practice,
n will usually be an integer greater than 10.

For these conditions, the leakage and primary waves
are out of phase and the group delay error as given by
Eq. (A-23) reaches a lower bound of

(@ =~ (e — 1) (125

and the output signal magnitude ratio as given by Eq.
(A-10) also reaches a lower bound of

(A-23b)

Eout
Ein

— El
B Ein

(1— A) (A-10b)

1In the differentiation, it is assumed that the radian frequency « is

sufficiently large so that large changes of ¢ occur with small changes
of 2,. Then in the interval over which ¢ undergoes a 360-deg
change, 9t,,/d%, ~ 0. For those special cases where these assump-
tions are not valid or where more accuracy is required, one can
obtain the exact bounds from incrementing £, and performing
numerical computations of Eq. (A-23).
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while the phase delay error as given by Eq. (A-16) is

Zero.

Case 2 Upper Bound

Assume t,, > t;,, and § = (2n — 1)x where ¢ is defined
by Eq. (A-8) and n is a positive integer. In practice, n
will usually be an integer greater than 10.

Under these conditions, the leakage and primary waves

are out of phase, but in contrast to Case 1, the group
delay error reaches an upper bound of

(€) g = (to1 — t52) (%)

when the output signal magnitude ratio reaches a lower

bound of

(A-23c)

E,

Ein

Emlt .
Ein

(1— A) (A-10c)

and the phase delay error as calculated from Eq. (A-16) is
zero.

Case 2 Lower Bound

Assume t,, > t;, and 6 = 2rm where 6 is given by
Eq. (A-8) and m is a positive integer. In practice, m will
usually be an integer greater than 10.

Under these conditions the leakage and primary waves
are in phase, but the group delay error goes to its lower
bound of
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Simultaneously, the output signal magnitude ratio
reaches an upper bound of

Eout,
Ein

E,
T (1+A)

(A-10d)
and the phase delay error goes to zero.

Differenced Range Versus Integrated Doppler

A parameter which is of primary importance to radio
science experiments with a spacecraft is differenced range

versus integrated doppler which can be expressed as
(Ref. 8)
DRVID =¢, — ¢, (A-24)

Then substitutions of Eqs. (A-14) to (A-16) and Egs.
(A-20) to (A-23) give

DRVID = (% — &> L

At — ¢ A+ cosf
(b2 = t2) 1+ 2A cos § + A2

1 ) Asin 6
-l-:)—tan 1+ Acosé

Note that in a dispersionless system

(A-25)

g, _ B

do
and in the absence of multipath, A =>0, so that

DRVID =0
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